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A B S T R A C T
Metazoan evolution encompasses a vast evolutionary time scale spanning over 600 million years. Our ability to
infer ancestral metazoan characters, both morphological and functional, is limited by our understanding of the
nature and evolutionary dynamics of the underlying regulatory networks. Increasing coverage of metazoan
genomes enables us to identify the evolutionary changes of the relevant genomic characters such as the loss or
gain of coding sequences, gene duplications, micro- and macro-synteny, and non-coding element evolution in
diﬀerent lineages. In this review we describe recent advances in our understanding of ancestral metazoan coding
and non-coding features, as deduced from genomic comparisons. Some genomic changes such as innovations in
gene and linkage content occur at diﬀerent rates across metazoan clades, suggesting some level of independence
among genomic characters. While their contribution to biological innovation remains largely unclear, we review
recent literature about certain genomic changes that do correlate with changes to speciﬁc developmental
pathways and metazoan innovations. In particular, we discuss the origins of the recently described pharyngeal
cluster which is conserved across deuterostome genomes, and highlight diﬀerent genomic features that have
contributed to the evolution of this group. We also assess our current capacity to infer ancestral metazoan states
from gene models and comparative genomics tools and elaborate on the future directions of metazoan
comparative genomics relevant to evo-devo studies.
1. Introduction
Ancient animal evolution was shaped by several distinct and
complex transitions of body-plan organization, most notably the origin
of multicellularity (Ediacaran or Vendian) (Fedonkin, 2003; King,
2004; Narbonne, 2005; Richter and King, 2013; Stanley, 1973),
followed by the emergence of bilaterally symmetric forms with a
through-gut, and the centralized nervous system (Erwin et al., 2011;
Knoll and Carroll, 1999). It is one major focus of evolutionary biology
to understand those and other organismal transitions, at both the
molecular-genetic and morphological levels. Over the past years, many
studies have revealed a surprisingly high degree of shared gene
complements (Degnan et al., 2009; Kortschak et al., 2003; Putnam
et al., 2007; Wheeler et al., 2009) among the descendants of those
ancient animals. Building on this shared genomic content, recent
advances in evo-devo have contributed to our understanding of the
function of those cascades in development across metazoans, revealing
striking similarities (Carroll et al., 2013; Raﬀ, 2000) of developmental
programmes and transcriptional regulatory cascades as well as signal-
ing pathway usage responsible for the patterning of the basic metazoan
body-plan (Degnan et al., 2009; Erwin, 2009).
Every new metazoan genome that was decoded revealed underlying
genetic novelties at both coding and non-coding levels (Fig. 1). Such a
tendency was found since the publication of the ﬁrst metazoan genome,
the nematode C. elegans (C. elegans Sequencing Consortium, 1998),
revealing a striking number of gene duplications of olfactory receptors,
relating to lineage-speciﬁc adaptation. The initial focus on the genomes
of model organisms relevant to developmental biology or medical
research, such as Drosophila or mouse, helped identify several patterns
of metazoan evolution, contributing to the ongoing debates of the
relative importance of diﬀerent mechanisms contributing to organis-
mal complexity, e.g,. evolution through gene novelty and duplication
(Kaessmann, 2010; Tautz and Domazet-Loso, 2011) or regulation
(Davidson and Erwin, 2006; Prud'homme et al., 2007).
Understanding the role of those processes during metazoan evolu-
tion requires the sampling of many phylogenetically informative
species. With the help of the recent advances in sequencing technology,
genomic studies were able to focus on species distributed over the
whole metazoan tree of life (Fig. 1). These publications set the stage for
understanding the patterns of metazoan evolution, including both the
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origin of multicellularity and its diversiﬁcation into the modern clades.
In this review we discuss the insights from animal comparative
genomics analysis, in particular focusing on metazoan-level evolution
and the genomic processes accompanying those transitions.
2. Uncovering the ancient urmetazoan genome
Our understanding of the metazoan genetic complement relies
heavily on the comparative analysis of the genomes of several key
species: human (Lander et al., 2001; Venter et al., 2015), the ﬂy
Drosophila melanogaster (Adams et al., 2000), the nematode
Caenorhabditis elegans (C. elegans Sequencing Consortium, 1998),
the cnidarian Nematostella vectensis (Putnam et al., 2007), and the
sponge Amphimedon queenslandica (Srivastava et al., 2010), as well as
the outgroup (non-metazoan) species such as the most closely related
group of ophisthokonts Monosiga brevicollis (King et al., 2008) and
Capsaspora owczarzaki (Suga et al., 2013), followed by the fungi
Saccharomyces cerevisiae (Engel et al., 2014) and the amoebazoan
Dictyostelium discoideum (Eichinger et al., 2005). With contributions
from expressed sequence tags (EST) studies (Kortschak et al., 2003;
Kusserow et al., 2005), the nature of ancestral metazoan complexity
emerged, deduced from the high degree of conservation of the gene
family complements in contemporary animals. This complexity is
reﬂected by the presence of almost full gene family complement, such
as the major toolkit genes Wnt (Kusserow et al., 2005), Hox
(Schierwater and Kuhn, 1998), and T-box (Agulnik et al., 1995)
families, in modern representatives of the earliest branching lineages,
such as sponges, Trichoplax, and cnidarians. Initial studies on partial
gene sets (Raible et al., 2005; Rogozin et al., 2003; Roy and Gilbert,
2005) combined with whole genome studies (Putnam et al., 2007;
Raible et al., 2005; Srivastava et al., 2010) also revealed striking
conservation in gene (exon-intron boundary) structure, domain archi-
tecture, and gene linkage conservation (synteny) (Table 1) in the
metazoan ancestor. This hinted at a very high selective pressure to
Fig. 1. History of published metazoan genomes categorized at the phylum level. The left two columns show the phylum level taxonomy of metazoan and the rough number of decoded
genomes. The right four columns show the history of published metazoan genomes, with a citation of the ﬁrst published paper for a genome for each phylum. The correspondence
between the left two columns and right four columns is shown by the colored dots. The number of available genomes (at NCBI) is clearly biased toward Chordata (291), Nematoda (81),
Arthropoda (239) and Platyhelminthes (29). On the other hand, the genomic data for two phylum groups symbolized here by “A” and “B” highlighted by dark gray are still very sparse.
References for each paper in the ﬁgure as follows: C.elegans (C. elegans Sequencing Consortium, 1998), D. melanogaster (Adams et al., 2000), H. sapiens (Lander et al., 2001), S.
purpuratus (Sodergren et al., 2006), N. vectensis (Putnam et al., 2007), T. adhaerens (Srivastava et al., 2008), S. mansoni (Berriman et al., 2009), A. queenslandica (Srivastava et al.,
2010), L. gigantea, C. teleta and H. robusta (Simakov et al., 2013), A. vaga (Flot et al., 2013), P. bachei (Moroz et al., 2014),M. leidyi (Ryan et al., 2013), L. anatina (Luo et al., 2015),
H. dujardini (Boothby et al., 2015), S. kowalevskii and P. ﬂava (Simakov et al., 2015) and I. linei (Mikhailov et al., 2016).
Table 1
Inferred genomic features of the ancestral metazoan genome.
Genomic feature Inferred ancestral values
Presumptive genome size ~300 Mb
Gene family number 7000–8000
Total gene number > 20,000
Average exon count 3–4
Repeat content ~30%
Macro-syntenic linkage groups ~10–17
Micro-syntenic linkage groups ~ 400
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maintain gene structures such as splice sites, intron phase, and splicing
isoforms (Ast, 2004) during metazoan evolution. The degree of
conservation even allowed those characters to be used for phylogenetic
inferences (Krauss et al., 2008; Zdobnov and Bork, 2007).
This completely changed the picture of a gradual ‘step-wise’
increase in genomic complexity from the metazoan ancestor to
vertebrates, and supported the proposal that ancient metazoans in
the pre-Cambrian were already genetically complex, with most of the
modern gene families and genomic organization already present. This
naturally led to the question how such a large transition could have
been accomplished and what were the genomic pre-requisites.
While still debated, a major correlate of the metazoan evolution
compared to their closest unicellular relatives is the signiﬁcant increase
in the nuclear genome size (Elliott and Gregory, 2015; Gregory, 2011):
‘average’ metazoan genomes (of basally branching metazoans and
marine invertebrates) are considered to be in the 300–500 Mb range
(Fig. 1), while the closest unicellular organisms, such as the unikont
Monosiga brevicollis (King et al., 2008) or Capsaspora owczarzaki
(Suga et al., 2013), have average genome sizes well below 100 Mb.
While genome sizes should not be taken as surrogates to animal
complexity (Elliott and Gregory, 2015), this increase in the DNA
material presumably was a major contributing factor behind the
relatively recent emergence of multicellular animal life on Earth
(Gregory, 2011), leading to many metazoan genomic innovations at
both coding gene and non-coding levels (see below). Many subsequent
alterations to the genome size such as the signiﬁcant reductions in the
ascidian Oikopleura dioica (Seo et al., 2001), the puﬀerﬁsh Fugu
rubripes (Aparicio et al., 2002), or Drosophila melanogaster (Adams
et al., 2000; Petrov et al., 1996) are considered secondary loss, while
the increase to the 1 Gb range in many invertebrates, such as the
cnidarian Hydra magnipapillata (Chapman et al., 2010), the cepha-
lopod Octopus bimaculoides (Albertin et al., 2015), and in the
vertebrates (McLysaght et al., 2002), are considered secondary genome
expansions or duplications.
3. Measurable levels of metazoan genome evolution
Those inferences, however, are based on parsimony estimates from
comparison of a few, phylogenetically sparsely scattered, metazoan
genomes. Hence, it is pivotal to investigate the evolutionary rates of
change of individual genomic features and their underlying mechan-
isms. Whole genome sequences provide rich insights, deserving still
more study, not just into the current state of gene and regulatory
complement of an animal but also its history. Such sequences bear
signatures of past events and allow us to look into their dynamics
across the past hundreds of millions of years. Current research of
metazoan comparative genomics mainly focuses on the following areas
(Fig. 2).
3.1. Novel gene families and the origin of metazoans
Arguably, the most signiﬁcant insight into the metazoan evolution
resulting from the comparative genomic and transcriptomic analyses is
the notion of gene novelty during animal evolution, as deﬁned by
shared gene orthology across two or more metazoan draft genomes.
Many of those genes can be traced back for the ﬁrst time in metazoan
genomes, i.e., having no detectable sequence similarity at any level to
any other known non-metazoan sequence, eukaryotic or prokaryotic
(Srivastava et al., 2010). We call those genes ‘true’ or ‘type 1’ novelties
(Table 2, Fig. 3). (Here we adopt and extend the notation of Putnam
et al. (2007) and Simakov et al. (2015) for diﬀerent classes of gene
novelty.)
Using parsimony and several dozen sequenced metazoan genomes,
comparative genomics enabled us to estimate the total complement of
gene families at diﬀerent nodes of the animal history. Those studies
revealed a signiﬁcant contribution (at least 300) of type 1 novel gene
families leading up to the metazoan ancestor (Srivastava et al., 2010)
(compared to just around 50 type 1 novelties in the later bilaterian
ancestor) (Simakov et al., 2013). Similar patterns have been also
observed by others (Tautz and Domazet-Loso, 2011). Interestingly,
most of the innovations belong to the developmental tool-kit genes
involved in cell-cell signaling and patterning (e.g., Wnt, TGFbeta,
Hedgehog, and Notch pathways) (Srivastava et al., 2010), as well as an
extensive novel transcription factor complement (Hox and other
homeobox-related genes, Forkhead, Sox and others) (Larroux et al.,
2008).
The role of type 1 novel genes in the development of organismal
complexity has been vigorously studied over the past years across
metazoans, revealing a signiﬁcant contribution to novel developmental
regulatory cascades and to morphological innovations, such as novel
cell types or organs, as most recently shown in several studies (Babonis
et al., 2016; Khalturin et al., 2008; Smith et al., 2014). Novel genes are
most prominent contributors to distinct evolutionary structures, such
as the cnidarian nematocytes (Balasubramanian et al., 2012; Hwang
et al., 2008), and cephalopod photosensory tissues (skin and retina)
(Albertin et al., 2015; Andouche et al., 2013). Despite such importance
for evolutionary transitions, the vast majority of novel genes, which by
deﬁnition are absent or unrecognizable in other model systems, has not
yet been characterized. Genome analyses predict so far hundreds, if not
thousands, of recently originated novel genes per species (Khalturin
et al., 2009), but in most cases the only support that can be obtained for
their functional validity is the presence of high-quality transcripts at
the same locus.
The ‘de-novo’ origin of so many genes at the metazoan stem is
enigmatic. We know very little about the actual genomic dynamics of
such innovation and can only suggest a few mechanisms. First, it is
possible that type 1 novelties are derived from originally duplicated
gene copies in the opisthokont ancestor, which then experienced such a
high level of sequence evolution that their relatedness cannot be
detected by any existing similarity-based method. If one can exclude
such a possibility, the genes may be likely derived from noncoding
regions of the genome. There are several possibilities for such deriva-
tion, including de-novo transcription of a locus that by chance or
through promoter ‘hijacking’ (Kalitsis and Saﬀery, 2009) acquires
transcriptional activity. A functional open reading frame (ORF) could
be evolved in parallel or afterwards (Knowles and McLysaght, 2009;
Tautz and Domazet-Loso, 2011). Pervasive transcription of non-coding
regions, a prerequisite for such a scenario, has been shown for many
metazoan genomes (Jensen et al., 2013). In any of the possibilities, the
origin of transcribed sense mRNA is a multi step process. Thus, such
intense acquisition of novel genes at the metazoan stem seems to
require large quantities of genomic material for selection or drift to act
upon, to be present. Does this imply a certain population structure of
the ancestral metazoans, one that perhaps enhances the importance of
drift and is permissive for large genomic expansions, as has been
proposed for small population sizes (Lynch and Conery, 2003)?
While we do observe a high degree of gene innovation at the
metazoan stem node, we also observe many novel genes appearing very
recently. To the extent that the origination of new genes in contem-
porary organisms models the birth of gene novelties in the pre-
Cambrian, population genomic studies on Drosophila may provide
insights (Chen et al., 2010; Zhao et al., 2014; Zhou et al., 2008). The
majority of them will not survive the test of time (thus persisting in two
or more species) due to negative selection or drift, but their function
may be important in the micro-evolutionary context (Zhao et al., 2014).
3.2. Gene structure and domain architecture evolution
Gene function does not only evolve by nucleotide or amino-acid
sequence change. Proteins are often modularly structured, with
diﬀerent ‘modules’ (domains) executing diﬀerent functions (Chothia
et al., 2003; Patthy, 1999). The addition of a novel domain (permitting
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a new function) to a protein is called type 2 and the change of the order
of two or more domains (architecture) type 3 novelty, respectively.
Those innovations are very common in major metazoan signaling
pathways (Fig. 3). The domain complement encoded by a gene can be
easily assessed utilizing the power of well-curated protein functional
domain databases, such as PFAM (Sonnhammer et al., 1997) or
InterPro (Mitchell et al., 2015). Unlike type 1 innovation in develop-
mental signaling cascades, proteins involved in cell adhesion and the
extracellular matrix, such as ﬁbronectin and laminin (Fahey and
Degnan, 2012), show general traces of sequence similarity outside
metazoans and primarily evolved by the addition of novel domains at
the metazoan stem (type 2).
Reordering or duplication of already existing protein domains (type
3) also has an impact on functional innovation. For example, zinc
ﬁnger domain duplication results in diﬀerent binding site kinetics and
regulation of many transcription factors (Jantz and Berg, 2010).
Proteins relevant to the innate immune systems are the prototypical
example; they create the diversity of their structures by domain-
shuﬄing. Some molecular studies of sponges, cnidarians, shrimp,












































Fig. 2. Evolving genomic features that are most studied with metazoan comparative genomics tools, and their physical scales. Genomic features subdivided into four categories: gene
level, coding (large ovals) and non-coding (yellow boxes) element copy number, micro-syntenic, and macro-syntenic innovation. Their chromosomal scale is depicted on the left. At gene
level, colors correspond to diﬀerent domains, at other levels, colors correspond to diﬀerent orthologous groups; small ovals denote regulatory elements that are hard to identify at the
metazoan scale with comparative genomics tools.
Table 2
Explanation of the different types of gene novelty.
Novelty type Deﬁnition Example
Type 1 No detectable sequence similarity (by any, including training-based methods) to outgroup data Wnt ligand family at the metazoan node
Type 2 Detectable sequence similarity but novel domain (e.g., defined by PFAM) Collagen at the metazoan node
Type 3 Same domain composition, but novel domain order (architecture) Innate immunity genes in invertebrates
Type 4 Same architecture, but accelerated sequence evolution forming a distinct subfamily; likely functional change Lefty at the deuterostome node
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diversiﬁed immune molecules (Azumi et al., 2003; Loker et al., 2004;
Rast et al., 2006). Some of the key genes relevant to cell diﬀerentiation
in metazoans have also emerged by domain shuﬄing events. For
example, the Pax, POU and LHX families are constructed by the
combination of a homeobox domain (presumably derived from a
homeobox gene) and Paired-domain for the former, or a POU-
speciﬁc-domain for the middle or a LIM-domain for the latter. The
family origination for the latter two is correlated with the emergence of
the eyes and endocrine system, and of elaborate neuronal systems,
respectively (Larroux et al., 2008), although the genes themselves may
have arisen ﬁrst in other contexts, and then later recruited for these
roles. Some novel genes encoding structural proteins also originated by
domain shuﬄing. For example, aggrecan, occluding, and tectorin-
alpha, each of which is a major component of cartilage, tight junctions,
and the mammalian inner-ear membrane, respectively, are constructed
by domain shuﬄing events on the common ancestor of vertebrates
(Kawashima et al., 2009).
3.3. Variation on the ancestral metazoan theme: gene duplication
and loss
The gene complement remains dynamic throughout metazoan
evolution. High copy number variation that is present in natural
population (Redon et al., 2006; Rogers et al., 2009) is naturally
controlled by selection or drift. Depending on the species and the
selection regime as described in the seminal paper (Lynch and Conery,
2000), we can expect gene duplication rates of 0.2–2% of genes per
million years. Genes that still remain (the other undergoing loss) can be
involved in various evolutionary scenarios such as subfunctionalization
(Cresko et al., 2003; Lynch and Force, 2000) or increase in complexity
of speciﬁc systems through co-option and subsequent neofunctionali-
zation (Conant and Wolfe, 2008), such as adaptive immunity in
vertebrates (Kumanovics et al., 2003; Okada and Asai, 2008). Among
the toolkit genes, especially progressing towards the origin of bilaterian
animals, we ﬁnd many examples of such duplications including the
TGF-beta pathway members Lefty (a Nodal antagonist) and Univin/
Vg1/GDF1 (Nodal agonist), involved in axial patterning and left-right
symmetry formation (Range and Lepage, 2011). The Wnt pathway has
been shown to be very dynamic as well, exhibiting both loss and gain
patterns in various lineages (Albalat and Canestro, 2016; Cho et al.,
2010). Gene duplicates can form paralogous clusters, such as the zinc
ﬁnger transcription factors that are particularly expanded in am-
phioxus and octopus lineages, convergently with vertebrates (Albertin
et al., 2015; Emerson and Thomas, 2009). Using synonymous sub-
stitutions it is possible to date those expansions, suggesting highly
species-speciﬁc patterns.
Gene duplication may facilitate enhanced evolutionary rates, in
which one copy retains the ancestral function, while the other
experiences reduced selective pressure and evolves novelty (Crow and
Wagner, 2006; Lynch and Conery, 2000; Ohno, 1970; Ohta, 1989). If
such enhanced evolutionary rate is not accompanied by the evolution of
a novel domain or domain combination, we identify them as type 4
novelty (Simakov et al., 2015) (e.g., Lefty). Morphological or develop-
mental subfunctionalization is the main result of this process, as
outlined in numerous studies at both the whole genome level (Force
et al., 1999; Hellsten et al., 2007) and within the speciﬁc cascade
(Braasch et al., 2007) level.
3.4. Insights into the noncoding evolution across metazoan genomes
One signiﬁcant eﬀect of the discovery of the conserved gene
repertoire across metazoans is to suspect that the morphological and
developmental evolution of animals, especially in bilaterians, is due not
just to coding sequence but to non-coding regulatory change, which
would aﬀect the times, places, and combinations of expression of these
conserved genes. So far those noncoding regions, while occupying the
vast bulk of animal genomes, remain largely understudied at the
metazoan level. Composed of regulatory elements (promoters, enhan-
cers), repetitive elements (active and inactive transposons, tandem and
simple repeats), and other non-repetitive/non-regulatory DNA, this is
the ‘dark matter’ of the genome. Its importance is evident as many
human diseases are directly related to it (Khurana et al., 2013).
Understanding its evolutionary history is thus of utmost importance
as it will reveal conserved (and putatively) functional elements and
general evolutionary trends. While largely known across vertebrates
(Elgar, 2009), the conservation of any regulatory DNA at the metazoan
level is very hard to study, with only a few known cases existing, e.g.,
(Maeso et al., 2013; Rebeiz et al., 2005; Royo et al., 2011).
A distinctive feature of metazoan genomes is that a large proportion
of the noncoding DNA is comprised of repetitive sequences occurring
usually in more than ten copies. Repetitive DNA content ranges widely
among metazoan genomes (Canapa et al., 2015), and is thus evolutio-
narily very dynamic. Unlike regulatory sequences, it is relatively easy to
identify (due to its repetitiveness) and classify (most common element
classes are shared across animals). Repeats are subdivided into simple
repeats and transposable elements (TEs). While simple repeats do not
encode for any self-replication ability, transposons are elements with
such ability and thus impose certain threats to the genome by inserting
themselves into regulatory or coding regions (Feschotte and Pritham,
2007). Metazoans thus have evolved elaborate mechanisms to control
transposon activity and replication, including piwi-associated RNAs
(piRNA) and long non-coding RNAs (lncRNA) (Morris and Mattick,
2014) that target transposon mRNA and force its degradation (Siomi
et al., 2008). While (surviving) TE insertions are mostly neutral or
slightly deleterious, they can contribute to a variety of innovations. For
example, tandem repeats can facilitate gene duplications either through
tandem duplication (Eichler et al., 1998) or retrotransposition (Ewing
et al., 2013), insertion of transposons can contribute to the evolution of
novel regulatory elements (de Souza et al., 2013; Del Rosario et al.,
2014). Open reading frames of transposons can become incorporated
into exons of other genes (Bejerano et al., 2006; Breitling and Gerber,
2000). Among all features, accumulation of repeats over millions of
years in certain genomic regions (‘hotspots’) can result in recombina-
tion events, disrupting synteny and introducing new linkages (Rizzon














Fig. 3. Gene novelty distribution across the Wnt pathway at the metazoan level. See text
and Table 2 for the description of the diﬀerent novelty types. Canonical Wnt signaling
pathway inhibits glycogen-synthase-kinase 3b and the degradation of beta-catenin. While
intracellular pathway components can be traced back to unicellular ancestors, the Wnt
ligands appear in metazoan lineages. After Holstein (2012).
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2007).
Using consensus (Pace and Feschotte, 2007) or modeling ap-
proaches (Marchani et al., 2009), the high abundance of repeats
enables us to put a date on speciﬁc genomic changes and to understand
their time scales. Most importantly, this reveals how dynamic metazo-
an genomes are, i.e. the half-life of transposon insertions is usually on
the order of several dozen, not hundreds, million of years (Chalopin
et al., 2013; Chapman et al., 2010). The common method of using
synonymous substitutions to date those events (both for genes and
repeats) has a very limited time scale, usually not going beyond 150
million years (Liberles et al., 2001), therefore we cannot empirically
infer the ancestral metazoan repeat complement.
3.5. Variation in gene linkage (synteny) at both micro and macro
levels
While ﬁnding regulatory sequences shared across metazoans is
currently facing methodological diﬃculties, we can use other genomic
features, such as conservation of gene order (synteny) to infer co-
regulated or functionally linked genes. We can distinguish between two
types of conserved gene order that span diﬀerent genomic scales.
Micro-synteny encompasses short-range (3–10 genes) linkages of
genes (Fig. 2), usually co-linear across two or more genomes, some-
times consisting of paralogous gene clusters (Irimia et al., 2012;
Simakov et al., 2013). The most famous examples include the Hox
(Duboule, 2007), ParaHox (Brooke et al., 1998), several Wnt ligand
gene clusters (Nusse, 2001), and, most recently discovered, the
pharyngeal gene cluster of deuterostomes (discussed below). While
we infer many ‘new’ synteny blocks in the metazoan ancestor, this is
heavily biased by the novel genes appearing at that node. When
corrected for gene novelty, so far we ﬁnd the greatest consolidation
of micro-synteny at the metazoan to bilaterian transition (Simakov
et al., 2013).
Hundreds of these micro-syntenic linkages are found to be shared
across modern day bilaterian animals. While there is some evidence for
co-expression or co-regulation of such pairs, suggestive of shared
regulatory sequences among genes of the cluster (Irimia et al., 2012;
Simakov et al., 2013), we are still far from understanding the functional
aspects of metazoan micro-synteny. Except for Hox and a few other
cases, the functional aspects of the genomic clustering have been
assumed but so far are not clearly demonstrated. Indeed, it may be that
some linkages are neutrally preserved due to variations in the rate of
genome rearrangement across the genome arising from diﬀerences in
repetitive content, sensitivity to genome breakage, etc.
Recent advances in chromatin capture assays such as HiC, 3C, and
its derivatives (de Wit and de Laat, 2012) or other methods to assess
transcriptionally active regions such as ATAC-seq (Buenrostro et al.,
2013) have revealed the presence of distinct and conserved functional
regions on the length scale of micro-syntenic blocks (100 kb to
megabase size). For example, for the Hox cluster, two contributing
TADs (topologically associating domains) around HoxD were identiﬁed
(Dixon et al., 2012). While TAD boundaries are usually conserved
across some (mammalian) species and cell types (Pope et al., 2014),
metazoan level analyses show some important regulatory transitions.
For example, a recent study showed the presence of a single TAD
corresponding to the amphioxus Hox cluster (Acemel et al., 2016),
suggesting a potential ancestral chordate state. The borders of TADs
usually correlate with CCCTC binding sites (Dixon et al., 2012). CTCF
(the CCCTC binding factor) has been shown to be conserved across
bilaterians, with evidence so far lacking from non-bilaterian metazoans
(Heger et al., 2012), thus presumably constituting a novel bilaterian
gene family. While this may contribute to the increase in micro-synteny
observed at the metazoan to bilaterian transition, similar zinc-ﬁnger
type proteins may exist in non-bilaterian metazoans and could be
simply awaiting their discovery.
Compared to micro-synteny, macro-synteny describes much larger
linkages, those on the scale of (partial) chromosomes (Fig. 2) and
including hundreds of genes and gene families. Those gene families are
found co-clustered on the same contiguous piece of DNA (e.g.,
megabase-long scaﬀolds) across metazoans, through paralogous rela-
tionships they often link several chromosomal pieces within a single
species. Metazoan and bilaterian ancestors are inferred to have had at
least dozen ancestral linkage groups that are still retained in the
modern animals (Nakatani et al., 2007; Putnam et al., 2008; Simakov
et al., 2013; Smith and Keinath, 2015). This number signiﬁcantly
increased in vertebrates due to whole genome duplications (Nakatani
et al., 2007; Putnam et al., 2008). Most, but not all, of the micro-
syntenic linkages are located within those macro-syntenic linkage
groups and while the majority of macro and micro linkages are linked
and ‘co-inherited’ across metazoan transitions, there are some micro-
linkages that change their macro-linkage group assignment (Simakov
et al., 2013). As was the case for micro-synteny, the functional
importance of macro-syntenic linkages remains to be investigated.
Unlike micro-synteny, however, it relates to a much larger scale
organization of metazoan genomes, concerning larger proportions of
(if not whole) chromosome evolution.
4. Independence of genomic characters during metazoan
evolution
By assessing all of the diﬀerent kinds of genome change, we can
understand their dynamics not just within a single lineage but
comparatively across all metazoans. Focusing on genomic characters
that can be traced back to the metazoan or bilaterian ancestors, we
observe their independent contribution to modern metazoan genomes,
i.e., diﬀerent lineages appear to evolve largely by modifying diﬀerent
genomic features (Fig. 4). For example, considering the evolution of
well deﬁned and shared bilaterian characters after the bilaterian
segregation it has been observed that the evolution of the model
ecdysozoans Drosophila and C. elegans was accompanied by global
gene loss (Petrov et al., 1996), intron loss in shared genes (Rogozin
et al., 2003), and high rates of protein evolution (Britten, 1986). On the
other hand, some lophotrochozoans, e.g., Helobdella (leech), have
evolved by (micro and macro) syntenic reshuﬄing (losing major
ancestral bilaterian micro- and macro-syntenic linkages) but are
otherwise very stable in their gene content and rates of protein
sequence evolution (Simakov et al., 2013). The genome of the limpet
Lottia, on the other hand, is mostly dominated by repetitive element
activity and has retained most of the mentioned ancestral bilaterian
genomic features. We can also observe similar trends at the origin of
metazoans. The transition to multicellularity was heavily inﬂuenced by
type 1 gene novelties (Tautz and Domazet-Loso, 2011) and the origin of
the main macro-syntenic linkage groups (Putnam et al., 2007), while
the bilaterian transition appears to have been associated more with
paralog formation and micro-syntenic evolution (Simakov et al., 2013).
While this observation can be aﬀected by species sampling, it does
correlate with some biological observations as outlined in the previous
sections.
There are several mechanistic explanations for such observations.
Reduction in genome size and loss of gene complement may be
associated with the evolution of fast development and speciﬁc ecolo-
gical adaptation (Holland, 2016), thus it could be a result of positive
selection for a speciﬁc genomic innovation. Another, more probabilistic
explanation, can be derived from the proposed eﬀect of the eﬀective
population size onto the prevalence of selection or drift regimes
(Lynch, 2007; Lynch and Conery, 2003; Yi and Streelman, 2005) and
their eﬀect on genome sizes. Higher selective pressure regime in large
population sizes (e.g., in some insects) would favor smaller genome
sizes and any, even slightly, disadvantageous mutations (e.g., transpo-
son insertions) would be wiped out quickly in the next generation
(Lynch and Conery, 2003). In the species with small population sizes,
such mutations can accumulate resulting in, e.g., increased genome
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size, retention of duplicated genes, repeats, potentially contributing to
syntenic reshuﬄing. For example, the genome of a cephalopod Octopus
bimaculoides (Albertin et al., 2015) revealed very stable gene content
with a few gene families duplicating, but a signiﬁcant contribution from
transposable elements to the genome size, correlated with syntenic
rearrangements and the scattering of most of the ancestral bilaterian
micro-syntenic clusters, including the Hox genes. However, the eﬀec-
tive population size scenario does not account for phylogenetic history
of the species (Whitney and Garland, 2010). For example, it is not clear
how long term changes in the eﬀective population sizes (e.g., in
cephalopods, Kroger et al., 2011) over millions of years would aﬀect
the outcome.
Whether such genome dynamics actually help drive organismal
evolution is not completely understood. So far, our genomic compar-
isons suggest that independence of genomic features in the diﬀerent
metazoan lineages could allow animals to utilize diﬀerent aspects of the
genomic information to evolve complexity. In particular it can con-
tribute to the proposed recurrence in evolution and explain diﬀerent
gain and loss trajectories of the diﬀerent features across the phyloge-
netic tree (Maeso et al., 2012). In some sense, the notion of
independence is already methodologically utilized in phylogenetic
inferences, due to the use of diﬀerent genomic characters to obtain
independent veriﬁcation of tree topologies (Rokas and Holland, 2000).
Here we touch only on a very coarse classiﬁcation of such genomic
features. Each of those categories encompasses multiple genomic
characters that can evolve in varying inter-dependent combinations.
Together, they may form an evolutionary modality that is species or
clade speciﬁc. While we can trace losses of ancestral metazoan or
bilaterian genomic characters, gains of novel genes or linkages is
strongly aﬀected by taxon sampling within the relevant clades. Further
studies of evolutionary forces acting on genomic material and organi-
zation over millions of years will thus be valuable in ﬁnding all
dependent and independent components across metazoans as well as
putting those observations into a more clear biological context. Until
then, these observations would also suggest caution when using general
descriptors such as ‘slow’ or ‘fast’ when referring to species level
evolution and evo-devo inferences.
5. Insights into speciﬁc ancient organismal transitions: the
pharyngeal gene cluster and deuterostome origins
Regulatory evolution at the metazoan level has so far been largely
an uncharted territory. We suggest that novel micro-syntenic linkages
of both novel and known genes should provide a fruitful area for future
Fig. 4. Independent evolution of genomic characters in metazoans. Qualitative interpretation of genome-wide trends of evolutionary gains (boxes) and losses (crossed through boxes)
across the four feature categories from panel Fig. 2. Absence of such genome-wide trends is shown as grey boxes. For modern-day species, the dynamics reﬂect trends in loss or gain
relative to the last common bilaterian or metazoan ancestor. See text for more details. Based on data and analyses from Albertin et al. (2015), Chapman et al. (2010), Putnam et al.
(2008), Simakov et al. (2015, 2013).
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functional and comparative evo-devo studies. Only through expression
and, eventually, functional studies, will it be possible to determine their
evolutionary role.
One recent promising example is the so-called pharyngeal cluster -
a micro-syntenic gene cluster preserved in one piece so far only in
deuterostome animals. A core of the cluster is constructed from four
transcription factor genes (nk2.1, nk2.2, pax1/9, foxA1/2) and two by-
stander genes (slc25A21 and mipol1). Additionally one transcription
factor gene (msxlx) and one by-stander gene (cngal) are found on the
cluster in a subset of deuterostome (amphioxus and hemichordates).
While the linkage of some pairs of theses genes (nk2.1 - nk2.2 - msxlx,
mipol1 - foxA) are found in protostome species (Irimia et al., 2012), the
clustering of all six core-genes can be so far only identiﬁed in
deuterostomes (Simakov et al., 2015). The name for this syntenic
cluster is derived from the prominent expression of its transcription
factor genes in the deuterostome foregut, in particular the pharyngeal
endoderm (Fig. 5), suggesting a deuterostome synapomorphy
(Fritzenwanker et al., 2014; Gillis et al., 2012; Ogasawara et al.,
1999). The gene expression pattern is additionally diversiﬁed in
vertebrate neural organs, due to gene duplication and subsequent
subfunctionalization (Fig. 5).
Comparative genomics analyses revealed conserved non-coding
elements in and around the genes in vertebrates and amphioxus
(Wang et al., 2007), which could be conﬁrmed for hemichordates
(Simakov et al., 2015). Available data for human reveals the presence
of at least two topologically associating domains encompassing nk2.1,
nk2.2, pax1/9 as well as the mipol1 - foxA region (unpublished
observation based on HiC and TAD boundary data available at www.
genomegitar.org, Fig. 5, colored bar). While interactions among genes
belonging to several TADs are possible, similar to the Hox cluster
(Lonfat and Duboule, 2015), they are less likely according to the
current models (Smith et al., 2016), suggesting some degree of
Fig. 5. The deuterostome pharyngeal gene cluster and gene expression. The left side, vertically, shows the cladogram of the metazoan lineages, on which proposed events of pharyngeal
cluster evolution have been mapped. The right side, horizontally, shows the gene order and micro-syntenic linkage of the pharyngeal cluster for each taxonomic group. Human locus
additionally highlights the location of at least two TADs (red and yellow color), according to the datasets available in genomegitar.org. The schematic view of the spatial expression
pattern of each gene is shown under the respective gene-arrow. Missing pieces of expression data are shown as question mark (“?”). Five transcription factor-developmental genes
(nkx2.1, nkx2.2, pax1/9, foxA1/2, andmsxlx) in the cluster are shown as blue ﬁlled arrows. Themsxlx homeobox gene which is lost from the cluster in vertebrates is shown as blue edged
arrow. Three by-stander genes (cngal, slc25A21 andmipol1) are shown as red ﬁlled arrows distinguished by the letters C, S and M, respectively. Of those, six core-genes (nkx2.1, nkx2.2,
pax1/9, foxA1/2, slc25A21, and mipol1) are ﬁlled by their color. The spatial embryonic region of each gene expression was ﬁlled by the following colors: blastopore and homologous
region as red, pharyngeal or oral region as green, neuronal region as purple, others as blue. Gene expression data are obtained from the following papers: nkx2.1 (M. musculus) from
(Camus et al., 2006), nkx2.2 (M. musculus) from (Shimamura et al., 1995), pax1 (M. musculus) from (Wallin et al., 1996), foxA2 (M. muscululs) from (Sasaki and Hogan, 1993), nkx2.1
(X. laevis) from (Pollet et al., 2000), nkx2.2 (X. laevis) from (Knecht and Harland, 1997), pax1 (X. laevis) from (Pohl and Knochel, 2005), nkx2.1 (B. ﬂoridae) from (Venkatesh et al.,
1999), nk2.2 (B. ﬂoridae) from (Holland et al., 1998), msxlx (B. ﬂoridae) from (Butts et al., 2010), pax1/9 (B. ﬂoridae) from (Holland and Holland, 1996), foxA1/2 (B. ﬂoridae) from
(Shimeld, 1997), nkx2.1, nkx2.2, pax1/9, and foxA1/2 (S. kowalevskii) from (Simakov et al., 2015), nkx2.1 (S. purpuratus) from (Takacs et al., 2004), nkx2.2 (S. purpuratus) from
(Chen et al., 2011), from foxA1/2 (S. purpuratus) from (Oliveri et al., 2006), nk2.1 and nk2.2 (P. dumerilii) from (Denes et al., 2007; Tessmar-Raible et al., 2007), pax1/9 (T.
transversa) from (Passamaneck et al., 2015), foxA (C. variopedatus) from (Boyle and Seaver, 2010), foxA (D. japonica) from (Koinuma et al., 2000), nkx2 andmsx3 (A. millepora) from
(de Jong et al., 2006), paxD (N. vectensis) from (Matus et al., 2007) and foxA (N. vectensis) from (Martindale et al., 2004).
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modularity. Evidence in vertebrates so far suggests that at least nk2.1 is
activated by foxA (Boggaram, 2009). Thus, functional genomic studies
on hemichordate chromosomal conformations and the development of
this model system would provide invaluable insight into the possible
ancestral state of the regulation of this genomic cluster.
The cluster is also of special interest because the gill-pore bearing
pharynx is thought to be a morphological and functional innovation
required for eﬃcient suspension and ﬁlter feeding in the deuterostome
stem lineage (Frisdal and Trainor, 2014; Graham and Richardson,
2012). The pharyngeal endoderm in chordates is responsible for the
formation of a muco-ciliary organ, the endostyle, involved in food
particle trapping and uptake (Barrington, 1937). In addition to gene
expression and morphology (Gee, 2007; Ogasawara, 2000; Romer and
Parsons, 1977), functional studies have determined it to be the
homolog of the vertebrate thyroid gland (Paris et al., 2008), also
derived from the pharyngeal endoderm. While no clear homolog has
yet been identiﬁed in Saccoglossus, the expression of the pharyngeal
gene cluster in the developing foregut provides evidence for its
existence in ancient deuterostomes. Mucus production is an integral
functional part of the food particle trapping, and it is thus relevant to
note the expansions of the families of mucin-related genes in hemi-
chordate genomes, as well as their expression around the pharynx and
proboscis epidermis involved in digging behavior and food suspension
(Simakov et al., 2015).
The available expression data to support pharyngeal cluster's role in
gill-pore formation is still very patchy. For example, additional data
from the starﬁsh Acanthaster planci (that lacks gill pores) in compar-
ison to hemichordates is required. The cluster may also hint at a crucial
link between deuterostome and protostome foregut formation. E.g., in
the invertebrate deuterostomes, namely amphioxus, hemichordates,
and echinoderms, the cluster harbors the msxlx homeobox gene (Butts
et al., 2010). While absent in vertebrates, the gene is found closely
linked to nk2.1 and nk2.2 in the pharyngeal cluster. Its expression in
the pharyngeal endoderm (left anterior gut diverticulum in amphioxus)
(Butts et al., 2010) suggests a key role in early foregut formation. The
presence of msxlx in numerous protostome genomes and its known
linkage to nk2.2 in Lottia suggests a more ancestral function of this
potential pharyngeal cluster precursor. So far, msxlx expression in
protostomes is unclear. The study of this gene may thus provide a
crucial link between protostome and deuterostome foregut develop-
mental networks.
6. The value of continued metazoan genomic sampling
As discussed in this review, our understanding of the ancestral
metazoan genome has proﬁted immensely from the increased species
sampling (Fig. 1) during recent years. Despite such exciting results, it is
important to understand the limits of the current models to infer
ancestral metazoan characters. Simple parsimonious presence of the
‘same’ (deﬁned by some levels of sequence similarity) gene does not
exclude the scenario that the observed locus has actually undergone
several rounds of duplications, resulting in the loss of the original copy.
The easiest way to correct this is to increase the phylogenetic sampling.
From that perspective, we are still just beginning to understand
metazoan genome evolution. In addition to increased within-clade
sampling, we are looking forward to decoding the genomes of two
groups of bilaterian metazoans for which there is still very limited
genomic data: within ecdysozoans the groups of Nematomorpha,
Loricifera, Kinorhyncha and Onychophora (Highlighted area A in
Fig. 1), and within lophotrochozoans the groups of Cycliophora,
Phoronida, Bryozoa, Entoprocta, Acanthocephala, Gastrotricha,
Gnathostomulida, Nemertea and Rhombozoa (Highlighted area B in
Fig. 1), as well as several enigmatic clades of still debated relatedness to
protostomes and deuterostomes including Xenoturbella and
Chaetognatha (latest, (Cannon et al., 2016)).
This data will help to (1) examine any signal for saturation among
the described genomic features and (2) develop more reliable methods
for empirical quantiﬁcation of evolutionary dynamics. For example, our
current genomic sampling of a couple of dozen genomes provides
results concerning the approximate number of inferred ancestral
metazoan gene families. These results could be reproduced across
several studies over the past years. However, for other genomic
features that show higher turnover rates (such as the formation of
gene duplicates or repeat element dynamics), we probably have not yet
achieved a satisfactory understanding of their evolution. Thus, under-
standing within-clade variation, as has been accomplished for some
species, e.g., Drosophila (Clark et al., 2007), would provide us with
crucial quantitative information on the tempo of evolutionary change
across all of the genomic features. In the future, it will allow us to
create more sophisticated models of evolution that would allow us a
glimpse into much older genomic conﬁgurations than currently acces-
sible with the usual methods (i.e., relying on parsimony or synonymous
substitutions).
7. Conclusions
Increased genomic sampling across metazoans has helped reveal
conserved and changing features of genomic sequence during animal
evolution, uncovering diﬀerential utilization (independence) of several
genomic features across animal clades. While so far investigated mostly
at the gene level, other genomic characters such as noncoding elements
and gene linkage function are gaining in attention, aided by new
genomic data and novel experimental approaches. Combined with
other datasets (e.g., expression data) this information will be helpful in
assessing the functional importance of those features during develop-
ment and cell type or tissue patterning. Metazoan comparative
genomics will proﬁt signiﬁcantly from the incorporation of functional
genomic data, such as methylation proﬁling, gene pausing, RNA
editing, and chromosomal conformational studies. The goal of com-
parative genomics at this stage is shifting from the discovery of
evolving genomic features to providing models and inferring their
evolutionary trajectories. Such information will prove indispensable in
the reconstruction of the ancient metazoan developmental, functional,
and morphological traits.
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